Abstract StarD4 protein is a member of the StarD4 subfamily of steroidogenic acute regulatory-related lipid transfer (START) domain proteins that includes StarD5 and StarD6, proteins whose functions remain poorly defined. The objective of this study was to isolate and characterize StarD4ʼs sterol binding and to determine in a hepatocyte culture model its sterol transport capabilities. Cholesterol is a structural component of mammalian cell membranes and also serves as a precursor to bile acids (in the liver), steroid hormones (in the adrenal, testis, and ovaries), and vitamin D. Homeostasis of cholesterol within the body is maintained through the coordinated regulation of its cell-mediated uptake, transport/trafficking, sorting, biosynthesis, storage (i.e., esterification), secretion, and catabolism to bile acids (1). More specifically, the steroidogenic acute regulatory-related lipid transfer (START) domain superfamily of proteins has been shown to be involved in several pathways of intracellular trafficking of cholesterol (2-4). It has been predicted that all proteins with a START domain contain a similar binding pocket with modifications in that pocket that determine ligand binding specificity and function (5). The START domains are 200-210 amino acid motifs that appear in a wide range of proteins and have been implicated in several cellular functions, including lipid transport and metabolism, signal transduction, and transcriptional regulation (3, 4, 6). The START-related lipid transfer protein 4 (StarD4) belongs to the StarD4 subfamily, a START subfamily that also contains the proteins StarD5 and StarD6. The proteins in the StarD4 subfamily have been shown to contain 205-233 amino acid residues, sharing 26-32% identity with each other (7). Within the StarD4 subfamily, StarD5 has been shown in vitro to bind cholesterol and 25-hydroxycholesterol (4). StarD1 and MLN64/StarD3 (the nearest related proteins to the StarD4 subfamily) have been shown to bind only cholesterol (4, 8) . Furthermore, full-length StarD1, StarD4, StarD5 and truncated MLN64/StarD3 have been reported to increase steroidogenesis and/or increase free cholesterol in the microsomes after overexpression in cell culture, representative evidence of their ability to transfer cholesterol (4, 9-12).
Cholesterol is a structural component of mammalian cell membranes and also serves as a precursor to bile acids (in the liver), steroid hormones (in the adrenal, testis, and ovaries), and vitamin D. Homeostasis of cholesterol within the body is maintained through the coordinated regulation of its cell-mediated uptake, transport/trafficking, sorting, biosynthesis, storage (i.e., esterification), secretion, and catabolism to bile acids (1) . More specifically, the steroidogenic acute regulatory-related lipid transfer (START) domain superfamily of proteins has been shown to be involved in several pathways of intracellular trafficking of cholesterol (2) (3) (4) . It has been predicted that all proteins with a START domain contain a similar binding pocket with modifications in that pocket that determine ligand binding specificity and function (5) . The START domains are 200-210 amino acid motifs that appear in a wide range of proteins and have been implicated in several cellular functions, including lipid transport and metabolism, signal transduction, and transcriptional regulation (3, 4, 6) . The START-related lipid transfer protein 4 (StarD4) belongs to the StarD4 subfamily, a START subfamily that also contains the proteins StarD5 and StarD6. The proteins in the StarD4 subfamily have been shown to contain 205-233 amino acid residues, sharing 26-32% identity with each other (7) . Within the StarD4 subfamily, StarD5 has been shown in vitro to bind cholesterol and 25-hydroxycholesterol (4). StarD1 and MLN64/StarD3 (the nearest related proteins to the StarD4 subfamily) have been shown to bind only cholesterol (4, 8) . Furthermore, full-length StarD1, StarD4, StarD5 and truncated MLN64/StarD3 have been reported to increase steroidogenesis and/or increase free cholesterol in the microsomes after overexpression in cell culture, representative evidence of their ability to transfer cholesterol (4, (9) (10) (11) (12) .
The first START domain protein crystal structure reported was the C-terminal portion of human MLN64/ StarD3 (8), followed subsequently by the structure of mouse StarD4 (13) . The protein structures of MLN64/ StarD3 and StarD4 revealed similar secondary structural elements and a hydrophobic tunnel with a size consistent with the binding of one cholesterol molecule (8, 13) . Less related to the StarD4 subfamily, but also containing a START domain with a known lipid ligand, is the phosphatidylcholine transfer protein (PCTP/StarD2) (14) . The crystal structure of PCTP/StarD2 also shows a hydrophobic tunnel, but in contrast to MLN64/StarD3 and StarD4, it appears to selectively bind phosphatidylcholine (15) . More recent modeling studies of the structure of StarD1 and MLN64 have shown that cholesterol appears to be bound by the predicted hydrophobic tunnel of both proteins and reveals changes in the loop at the entrance of the hydrophobic tunnel that may be sufficient for the uptake and release of cholesterol (16) .
Although the roles of proteins like StarD1, PCTP/ StarD2, and MLN64/StarD3 have been studied extensively with a better appreciation of their possible roles (9-11, 13-15, 17, 18) , the roles of the StarD4 subfamily proteins remain unclear. In contrast to StarD1 and MLN64/StarD3, StarD4, StarD5, and StarD6 do not have N-terminal targeting sequences that should direct these proteins to specific cellular organelles. Therefore, they are predicted to be cytoplasmic proteins like PCTP/StarD2 (7, 19) .
The expression of the StarD4 subfamily proteins within different tissues/cells is now starting to be revealed for StarD6 and StarD5. However, little is known about StarD4, although some preliminary studies have suggested a diffuse cytoplasmic and nuclear localization (expression studies utilizing a green fluorescent protein-StarD4 fusion protein in HeLa cells) (20) . StarD6 has been localized in mouse testis but has not been found in the ovary, suggesting a special role for StarD6 during germ cell maturation in the adult testis (7, 21) . StarD5 mRNA was first found in whole human liver (4), with StarD5 liver protein later localized to the Kupffer cells. Subsequent studies have shown the detection of StarD5 in high concentrations in other immune-related cells (macrophages, monocytes, basophils, etc.). Within the cell, StarD5 was found not only in the cytoplasm but also exhibited a strong association with Golgi membranes (22) .
With respect to the regulation of StarD4, StarD5, and StarD6, there exist only relatively preliminary data about StarD6. StarD5 mRNA expression is induced in response to endoplasmic reticulum (ER) stress, either in free cholesterolloaded mouse macrophages or in NIH-3T3 cells after being treated with different ER stressors (12) . In contrast, StarD4 mRNA expression has been reported as responsive to sterols through sterol-regulatory element binding proteins (SREBPs), being sterol-repressed and predominantly activated by SREBP-2 activation (12). Most recently, new studies have shown a possible regulation of StarD4 mRNA expression under ER stress conditions, although limited to the early phase (23) .
The objectives of this study were to purify human StarD4, to determine its sterol binding capabilities/specificities, and to alter its levels of expression in order to pursue the proteinʼs function. The in vitro binding assays demonstrating StarD4ʼs ability to selectively bind [ 14 C]cholesterol, coupled with the observation of increased intracellular cholesteryl ester formation and bile acid synthesis following StarD4 overexpression, are supportive of StarD4 as a cholesterol carrier to different cellular compartments. Furthermore, under the conditions explored, it appears that cholesterol redistribution occurred as a function of StarD4 expression.
EXPERIMENTAL PROCEDURES

Materials
The QIAprep-Spin Miniprep Kit, QIAquick PCR Purification Kit, and QIAquick Gel Extraction Kit for nucleotide purification and extraction and nickel-nitrilotriacetic acid agarose resin for cholesterol binding assays were purchased from Qiagen (Valencia, CA). The following materials were purchased from Novagen (Madison, WI): His-Bind resin, 83 Charge buffer, and 43 Strip buffer, Escherichia coli strain Novablue (recA, endA, lacI q ) used for construction of clones, and pET-30a (1) 14 C]27-hydroxycholesterol was made in our laboratory as described previously (4) . SuperSignal® West Pico Chemiluminiscent Substrate was purchased from Pierce (Rockford, IL). The E. coli strain BL21 was used. All oligonucleotides were synthesized at the Sigma-Genosys facility.
Expression and purification
PCR procedure. PCR experiments were carried out in a total volume of 0.1 ml. PCR performed with the StarD5 cDNA contained PCR buffer (13), 1.5 mM MgCl 2 , 250 mM deoxynucleoside triphosphates, 20 ng of template, 1 mM of each primer, and 1 unit of Taq polymerase. Amplifications were performed using the following reaction conditions: 1 cycle of 2 min at 95°C, followed by 30 cycles of 30 s at 94°C, 30 s at 60°C, and 1 min at 72°C. The reaction was finished with 1 cycle of 10 min at 72°C. The PCR products were then analyzed by agarose gel electrophoresis.
Cloning and purification of His-tag/StarD5, His-tag/(N62)StarD1, and His-tag/StarD4 fusion proteins. The fusion proteins His-tag/ StarD5 and His-tag/(N62)StarD1 were obtained as described previously (4). The cDNA corresponding to the human StarD4 protein was obtained by PCR using the plasmid pZEROTG-CMV/ hStAR-D4 as template and the following primers: 5′-GGATACG-TATGAATTCATGGAAGGCCTGTCTGATGTT-3′ and 5′-TCAGGCTACGGAATTCTCATAAAGCTTTTCGTAAATCAC-3′ (the EcoRI restriction site is underlined). The PCR product was purified and then digested with EcoRI. After digestion, the fragment was ligated into pET-30a(1) vector, previously digested with EcoRI and purified, creating a C-His-tag/StarD4 DNA, which provided a protease (enterokinase) cleavage site between the histidine (His) tag and the sequence of StarD4. The ligation mixture was used to transform Novablue competent cells. The single colonies grew on Luria-Bertani (LB) agar plates and were screened for the 618 nucleotide fragment by digestion with EcoRI, corresponding to the StarD4 coding region. For further confirmation, the plasmid with the StarD4 coding region was sequenced and also confirmed the right direction of the cloned cDNA. Finally, the plasmid was used to transform BL21 competent cells for expression of the recombinant protein. Purification, Western blot analysis, and protein sequencing via Edman chemistry were performed as described previously for StarD5 (4) .
For protein sequencing and circular dichroism (CD) spectroscopy analysis, the fusion protein was digested with enterokinase, following the manufacturerʼs instructions, to obtain the native StarD4 protein.
Cloning and purification of glutathione S-transferase protein and glutathione S-transferase/StarD4 fusion protein. The cloning of the human StarD4 cDNA into the vector pGEX-4T-3, creating a glutathione S-transferase (GST)-StarD4 DNA, was performed following a strategy similar to the one described above but using primers 5′-GTTCCGCGTGGATCCATGGAAGGCCTGTCT-GATGTT-3′ (the BamHI restriction site is underlined) and 5′-TCATTATTACTCGAGTAAAGCTTTTCGTAAATCACC-3′ (the XhoI restriction site is underlined). The single colonies grew on LB agar plates and were screened for the 618 nucleotide fragment by digestion with BamHI and XhoI, corresponding to the StarD4 coding region. For further confirmation, the plasmid with the StarD4 coding region was sequenced using the commercially available primers pGEX 5′ and pGEX 3′ (Amersham) and also confirmed the right direction of the cloned cDNA. The plasmid was used to transform BL21 competent cells for the expression of the recombinant protein. To purify GST and GST/StarD4, cells BL21(DE3) containing pGEX-4T-3 or pGEX-4T-3/StarD4 plasmids were grown in 10 ml of LB broth with 100 mg/ml ampicillin at 37°C overnight. One liter of LB broth containing 0.36% glucose was inoculated with 6.25 ml of the overnight culture and was grown at 37°C with shaking until the optical density at 600 nm reached 0.3-0.6 (?3 h). At this point, 1 ml of a 1 M isopropylthiob-galactoside solution was added and incubated for an additional 24 h at 25°C with shaking. Cells were harvested by centrifugation (8,000 rpm for 10 min at 4°C), resuspended in 50 ml of BugBuster 1X, and incubated at room temperature for 30 min for complete bacterial lysis. Bacterial lysates were centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant was incubated with Glutathione Sepharose 4B overnight at 4°C. The GST protein and GST/StarD4 fusion protein were purified following a batch method as described by the manufacturer (Amersham). Fractions from each step of the purification were analyzed by SDS-PAGE, under reducing conditions on a 12% gel, following the method described by Laemmli (24) .
Preparation of chimeric pZEROTG-CMV/hStarD4 and CMV-StarD1 constructs and propagation. pZEROTG-CMV/hStarD4 was prepared by placing a PCR fragment containing the coding region for the human StarD4 into the pZEROTG-CMV expression vector opened with EcoRV and dephosphorylated with calf intestinal alkaline phosphatase. The primers used for the reaction were 5′-ATGGAAGGCCTGTCTGATGTTGC-3′ and 5′-TCATAA-AGCTTTTCGTAAATCACC-3′. Five micrograms of human liver total RNA in a final volume of 20 ml were used as template in an room temperature reaction using 100 pmol of random hexamers as primers and 1.5 mM Mg 21 for 10 min at 25°C and 1 h at 42°C . Five microliters of the room temperature reaction were used as template in the PCR. The PCR conditions were as follows: 5 min at 98°C, 5 min at 72°C (1 cycle), followed by 35 cycles of 1 min at 94°C, 1 min at 62°C, and 1.5 min at 72°C. The reaction was finished with one cycle of 10 min at 72°C. The pZEROTG-CMV expression vector was obtained from Dr. Kris Valerieʼs laboratory at Virginia Commonwealth University. The CMV-StarD5 and CMVStarD1 adenoviruses were constructed as described previously (4, 25) .
Recombinant virus CMV-StarD4 was transfected into human embryonic kidney 293 cells (American Type Culture Collection, Manassas, VA). Adenovirus DNA from the resulting plaques was further screened by Southern blotting for the presence of the inserts. To purify the recombinant virus, the crude supernatant was carefully layered over a two-step CsCl gradient as described previously (25) .
Isolation of primary mouse hepatocytes. Hepatocytes were isolated from male C57BL mice as described previously (26) using the collagenase perfusion technique of Bissell and Guzelian (27) .
Infection of primary mouse hepatocytes with adenovirus. Primary mouse hepatocytes were isolated and plated as described previously at 15-20% of normal density in Williams medium with insulin and dexamethasone, on six-well culture plates, with a coverslip at the bottom of each well and incubated at 37°C and 5% CO 2 . The cells, 24 h after plating, were infected with purified recombinant adenovirus encoding StarD4, StarD1, StarD5, or Ad-CMV control virus. After 2 h of infection, the medium was removed and replaced with fresh medium.
RNA isolation and real-time RT-PCR. Total RNA was isolated from cultured cells infected with recombinant adenovirus encoding StarD4 using the SV Total RNA Isolation System (Promega). Two and one-half micrograms of RNA were reverse-transcribed in 20 ml using oligo(dT) and Moloney murine leukemia virus reverse transcriptase (Invitrogen) following the manufacturerʼs instructions. Relative quantification of StarD4 gene expression was performed in 20 ml reactions using 25 ng of cDNA, forward and reverse primers at 2 mM, and LightCycler® 480 SYBR Green I Master (Roche, Indianapolis, IN). Primer pairs for human StarD4 (5′-CAAAGCCCAAGGTGTTATAGATGAC-3′ and 5′-ACAGCAATT-CTCTTCAAAGTTCTCC-3′), StarD1 (5′-AGCTCTCTACTCGGT-TCTCGGCTA-3′ and 5′-CTGCTGACTCTCCTTCTTCCAGCC-3′), and StarD5 (5′-CCAAAGCATCACTGACACCCT-3′ and 5′-GGTCCCATCCTCATATCTCTTGAC-3′) were designed with Beacon Designer 2 (Premier Biosoft). Primer pair sequences used for mouse b-actin were 5′-TCTACGAGGGCTATGCTCTCC-3′ and 5′-TCTTTGATGTCACGCACGATTTC-3′. A 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA) was used with the default thermal cycling profile of 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Carboxy-X-rhodamine (Roche) was the passive reference dye for normalization. The threshold was set at 0.2 unit of normalized fluorescence. Relative standard curves were plotted for StarD4, StarD1, and StarD5, and the mean threshold cycle for each cDNA sample was expressed as an arbitrary value relative to the standard. For each cDNA, values for StarD4, StarD1, and StarD5 were normalized to the corresponding value for b-actin and expressed as a ratio.
(4). The sterols analyzed in these binding studies were [ 14 C]cholesterol, [ 3 H]25-hydroxycholesterol, and [ 14 C]27-hydroxycholesterol. When labeled sterols were not available, competition assays were performed with unlabeled sterols (7a-hydroxycholesterol, 24-hydroxycholesterol, and 24,25-hydroxycholesterol) as described previously by Rodriguez-Agudo et al. (4) .
Lipid protein overlay assays. Lipid protein overlay(LPO) assays were performed according to the method described by Dowler, Kular, and Alessi (28) with small modifications. Briefly, sterols were diluted in a 2:1:0.8 solution of methanol-chloroform-water to different concentrations ranging between 10 and 0.1 mM. Nitrocellulose membranes were soaked in TBS buffer (50 mM Tris-HCl, pH 7.5, and 150 mM NaCl) before 1 ml of the solutions was spotted and allowed to dry for 1 h at room temperature. Then, the membranes were incubated with gentle rocking in TBS buffer 1 2 mg/ml BSA for 1 h at room temperature. The membranes were incubated overnight at 4°C with gentle rocking in TBS buffer 1 2 mg/ml BSA containing 0.6 mg/ml GST protein or GST/StarD4 fusion protein and washed three times over 30 min with TBS buffer 1 0.1% Tween 20 (TBST). The membranes were then incubated for 1 h at room temperature with TBST 1 2 mg/ml BSA containing a 1:2,000 dilution of anti-GST monoclonal antibody produced in mouse (Sigma) and washed three times over 30 min with TBST. The membranes were finally incubated for 1 h at room temperature with TBST 1 2 mg/ml BSA containing a 1:5,000 dilution of the HRP-conjugated antimouse secondary antibody and washed three times over 30 min with TBST. Protein bound to the lipids on the membrane was visualized using SuperSignal® West Pico Chemiluminiscent Substrate with a LAS-1000 camera (FujiFilm) in Intelligent Dark Box (FujiFilm) using Image Reader LAS-1000 Pro software.
Functional studies
Filipin staining of cholesterol in hepatocytes. Primary mouse hepatocytes were prepared and infected as mentioned above with purified recombinant adenovirus encoding StarD4, StarD5, StarD1, or Ad-CMV control virus. The next day, media were removed and the cells were washed twice with PBS and fixed with 3.7% formaldehyde in PBS for 10 min at 4°C. The cells were then washed three times, 5 min each, with PBS while rocking gently at room temperature. Cells were permeabilized with 0.1% Triton, in PBS, for 3 min at 4°C, then stained with 5 mg/ml Filipin in PBS plus 0.5% BSA for 30 min at 37°C, and washed three times, 5 min each, with PBS while rocking gently at room temperature in the dark. The coverslips containing the cells were then taken from the wells and mounted onto glass slides. The cells were allowed to dry for at least 45 min before being placed on a fluorescence microscope stage at excitation filter 360/40 nm, emission filter 460/50 nm, and beam splitter 400 nm.
Integrated optical density determination. Fluorescence was quantified via Image-Pro® Plus analysis software and expressed as integrated optical density.
Oil Red O staining. Primary mouse hepatocytes were prepared and infected as mentioned above with purified recombinant adenovirus encoding StarD4, StarD1, or Ad-CMV control virus. After 48 h, media were removed and the cells were washed twice with PBS and fixed with 3.7% formaldehyde in PBS for 10 min at room temperature. The cells were washed three times, 5 min each, with PBS while rocking gently at room temperature and then stained with a solution of 0.3% Oil Red O in PBS/isopropanol (1:1) and washed three times, 5 min each, with PBS while rocking gently at room temperature. Finally, the coverslips containing the cells were taken from the wells and mounted onto glass slides before being placed on a bright-field microscope stage. TLC analysis. Sterol samples (chloroform phase) from primary mouse hepatocytes were analyzed by TLC as described previously (25) .
14 C-labeled sterols were visualized with a PhosphorImager (FujiFilm).
Statistics
Data from sterol binding, filipin staining, bile acid synthesis rates, and real-time quantitative RT-PCR in primary mouse hepatocytes are reported as means 6 SEM of three separate experiments.
RESULTS
Purification of the recombinant human StarD4
Protein expression using the human StarD4 cDNA cloned into pET-30a(1) resulted in a 27 kDa major protein band by SDS-PAGE analysis (Fig. 1A, lane 6) . From 575 mg of total soluble cell protein derived from 1 liter of culture, 6.3 mg of His-tag/protein was purified. Recombinant His-tag/protein accounted for 7% of the total soluble cell protein, which corresponds to 40 mg of His-tag/ StarD4. The yield was 15.75%, calculated as milligrams of pure His-tag/protein obtained divided by the total His-tag/protein in the soluble cell fraction. The pure protein obtained was immunoreactive to a monoclonal antibody against polyhistidine as determined by Western blot analysis (Fig. 1B) . After digestion of the His tag with recombinant enterokinase (Fig. 1A, lane 7) , the purified protein was analyzed by N-terminal sequencing, and after six cycles of Edman degradation, the sequence obtained was MetGlu-Gly-Leu-Ser-Asp, which is identical to the N-terminal sequence of the human StarD4 protein.
In order to confirm StarD4 lipid binding studies by LPO assays, a recombinant StarD4 with a GST tag was required. Protein expression using the human StarD4 cDNA resulted in a 50 kDa major protein band by SDS-PAGE analysis (Fig. 1C, lane 9) . The pure protein obtained was immunoreactive to a monoclonal antibody against GST, as determined by Western blot analysis (data not shown). To confirm the presence of StarD4 in the fusion protein, the protein was digested with thrombin and loaded again into Glutathione Sepharose 4B to separate GST from StarD4 protein. StarD4 purified protein was analyzed by N-terminal sequencing as described above.
StarD4 CD spectroscopy
The far-UV CD spectrum of the StarD4 protein gave a minimum at 220 nm (Fig. 2) , suggestive of the presence of a large number of b-sheet structures as opposed to other secondary structures (i.e., random coils and a-helices). The minimum at 210, however, suggests the presence of some a-helical structures in the protein (30) . Far-UV CD spectra of the StarD4 protein following incubation with cholesterol ( Fig. 2) showed changes in the ellipticity at 220 nm, consistent with StarD4 binding of cholesterol, as shown in cholesterol binding assays and LPO assays. Addition of cholesterol at 1 and 3 mM to the StarD4 solution did not change the CD spectrum of the protein. At 6 mM cholesterol, the spectrum still shows the minimum at 220 nm and another one at 216 nm, which indicates the binding of cholesterol. At equimolar amounts of StarD4 and cholesterol, the 220 nm minimum of StarD4 completely shifts to a minimum at 216 nm. At greater concentrations of cholesterol (12 and 30 mM), the spectrum remained similar to the one observed at 9 mM cholesterol, showing a minimum at 216 nm, only shifting the spectra because the addition of greater amounts cholesterol to the solution diluted the protein.
StarD4-containing START domain binds cholesterol
Rodriguez-Agudo et al. (4) 14 C]cholesterol added was bound to the protein, at a stoichiometry of 1:0.9 (StarD4/ cholesterol) (Fig. 3) , similar to (N62) StarD1 and StarD5 (Fig. 3) As a negative control, the assay was performed with StarD4 that had been heat-inactivated. Heat-inactivated StarD4 did not bind [
14 C]cholesterol (data not shown). As reported previously, the assay carried out with bovine albumin at different concentrations showed no evidence of nonspecific binding of [ 14 C]cholesterol to the nickel resin (4). The binding assays described above are useful but with the limitation of the availability of radiolabeled sterols. When radiolabeled sterols were not available, competition assays were performed, but again with the limitation of possible false negatives because of the higher affinity of StarD4 for cholesterol. The LPO assay solves this problem, is less expensive, and is confirmatory of an existing standardized assay. The results with the LPO assay, however, are only qualitative. The results confirmed the ability of StarD4 to bind cholesterol (Fig. 4A) , as shown with the lipid binding assays (Fig. 3) . When GST-StarD4 fusion protein was incubated with cholesterol prior to the LPO assay, only a weak signal was obtained on the membrane where 5 and 10 nmol amounts were spotted (Fig. 4B) . All of the other sterols tested were negative (Fig. 4C) , with the exception of 7a-hydroxycholesterol, which was positive at 10 nmol (Fig. 4C) . When GST-StarD4 fusion protein was incubated with cholesterol prior to the LPO assay with 7a-hydroxycholesterol, no signal was obtained on the membrane at any of the amounts spotted (Fig. 4D) . As a negative control, purified GST protein was used on LPO assays with different sterols (Fig. 4E) .
Overexpression of StarD4 increases bile acid synthesis rates in hepatocytes
Overexpression of StarD4, StarD1, and StarD5 in primary mouse hepatocytes was assayed by quantitative real time PCR. Shown in Fig. 5 is the increase in mRNA levels at differing incubation times following virus infection. Overexpression of StarD4 following StarD4 virus infection increased, up to 7-fold, the rates of bile acid synthesis in 1°m ouse hepatocytes, rates similar to that observed after StarD1 overexpression (10-fold increase). In contrast, StarD5 did not increase bile acid synthesis levels over control virus levels (Fig. 6) .
Overexpression of StarD4 increases intracellular cholesteryl esters in hepatocytes
Free cholesterol content in the cells was analyzed by filipin staining. Primary mouse hepatocytes overexpressing human StarD4 did not show any increase of intracellular free cholesterol with respect to hepatocytes infected with adenovirus encoding StarD1 or Ad-CMV control virus, while cells infected with the StarD5 virus showed a 12-fold increase over controls (Fig. 7A) , as previously reported in rat hepatocytes (4) . Cholesteryl esters were increased in cells overexpressing StarD4, as shown by Oil Red O staining of primary mouse hepatocytes (Fig. 7B) . No increase was observed following StarD1, StarD5, or control virus overexpression (Fig. 7B) . Supportive results were obtained by TLC analysis of steroid products in chloroform-extractable phase from mouse hepatocytes incubated with [ 14 C]cholesterol (Fig. 7C, D) , in which cholesteryl esters increased up to 2-fold over control levels following StarD4 overexpression. To determine whether newly synthesized cholesterol can also serve as a substrate for StarD4 in increasing cholesteryl ester formation, [1- 14 C]acetate was added to the culture medium as a precursor for cholesterol synthesis. The results obtained after TLC analysis of steroid products in the chloroform-extractable phase did not show any difference in the levels of cholesteryl ester formation between cells overexpressing StarD4 and control cells (Fig. 7E ).
DISCUSSION
To pursue functional studies on the role of StarD4 in lipid binding and transport, the human StarD4 protein was purified (Fig. 1 ) and sequenced and underwent CD spectrum analysis prior to being utilized in in vitro sterol binding studies. Once cholesterol binding with isolated full-length StarD4 was determined and found to be similar to StarD1 and StarD5, the effect of altering StarD4 expression was explored in hepatocyte cell culture. Increasing StarD4 expression in hepatocyte culture using a recombinant adenoviral vector system was found to mobilize/ direct cellular cholesterol to increased storage (increased cellular cholesteryl ester concentration) and degradation (increased bile acid formation). These findings suggest that under the conditions explored in mouse hepatoctyes, cholesterol delivery, and not enzymatic metabolism of cholesterol, is rate-determining for cholesterol esterification and bile acid synthesis.
The StarD4 protein gives name to the StarD4 subfamily of proteins, which also includes StarD5 and StarD6. StarD4 does not exhibit N-terminal domains that could direct the protein to specific cellular organelles. Therefore, StarD4 has been predicted to be a cytoplasmic protein (7) . Although it lacks an N-terminal targeting sequence, its START domain is predicted to bind cholesterol and/or other sterols. The binding assays reported here show the ability of StarD4 to bind cholesterol with a similar stoichiometry to those reported for StarD1 and StarD5 (4, 8) , a closely related protein also able to bind 25-hydroxycholesterol (4). Furthermore, StarD4ʼs ability to bind cholesterol was confirmed by LPO assays and confirmed that variation in the structure of the cholesterol molecule prevented StarD4 binding (Fig. 4C) . The only other sterol for which StarD4 showed limited binding was 7a-hydroxycholesterol. The binding of 7a-hydroxycholesterol, however, was completely abolished when the recombinant protein was preincubated with cholesterol, demonstrating StarD4ʼs higher affinity for cholesterol and bringing into question the physiologic relevance of the observed 7a-hydroxycholesterol binding. These results indicate that StarD4 is a selective cholesterol transporter.
To address a possible misfolding of the protein after purification, far-UV CD spectra were obtained. The StarD4 protein gave a minimum at 220 nm, suggesting primarily b-sheet character for this protein, which matches the structure of mouse StarD4 protein, which has a major number of b-sheets (13) , suggesting that the structures of the mouse and human StarD4 proteins most likely share similar secondary structures and folding. These data suggested that the StarD4 protein adopted normal conformation after purification. The far-UV spectra of StarD4 incubated with cholesterol (Fig. 2) showed a shift at the 220 nm minimum and lost the minimum at 210 nm obtained with the protein alone, suggesting conformational changes of the protein upon cholesterol binding.
To assay for the ability of StarD4 to transport cholesterol within cells, primary mouse hepatocytes were infected with a recombinant StarD4 adenovirus. Mouse hepatocytes were chosen because of our laboratoryʼs expertise with this model and because hepatocytes not only have sterol uptake, storage, and secretion capabilities but also exhibit an easily measurable pathway of sterol catabolism to bile acids. In initial studies, changes in cholesterol (free and esters) levels in the cells were examined. Filipin staining [a well-described marker for staining intracellular nonmembrane-bound free cholesterol (31)] of hepatocytes overexpressing StarD4 did not detect changes in the levels of free cholesterol (Fig. 7A) . Similar results were obtained with StarD1. As shown previously in rat hepatocytes, overexpression of StarD5 increased free cholesterol levels in mouse hepatocytes (4) . By comparison, both TLC analysis and Oil Red O staining showed an increase in cellular cholesteryl esters (Fig. 7B-D) . These data demonstrate the ability of StarD4 protein to bind, transport, position, and effect cholesterol esterification from exogenous cholesterol. Interestingly, cholesteryl ester formation from newly synthesized cholesterol was not altered in the presence of StarD4 overexpression (Fig. 7E ). These observations indicate that StarD4 appears able to increase cholesteryl ester formation only from exogenous sources of cholesterol. Furthermore, the findings suggest that substrate availability for ACAT is a key determinant of the rate of cholesterol esterification. In preliminary studies in human macrophage culture and primary cultures of human hepatocytes, rates of cholesterol esterification were similarly increased following increased StarD4 expression (data not shown). A similar substrate availability phenomenon was observed previously following increased expression of StarD1, a mitochondrial cholesterol delivery protein (25) . 
